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By Bruce T. Iamdin

SUMMARY

The resulte of several investigations of the performance of
different types of clamshell wvarisble-area exhaust nozzle for
turbojet englnes conducted to determine the efficliency of this type
of exhaust nozzle as compared with the conventlional fixed-area
canical exhaust nozzles are presented. These invesblgations were
canducted at zero-ram sea-level condlticme an three different full-
scale turbojet engines. The performance of five dlfferent nozzles,
two of which were designed for operation on an afterburner taill
pipe, is presented. In addition to the nozzlp efflciency, as
determined from jet-thrust performence, the mechanicsl reliability
of the nozzles and the use of varilous gas sealing devices are dis-
cussed.

The clamshell-type variable-area nozzle was found to have
satisfactory mechenical reliability even after operating wnder
afterburning conditions for about 40 minubes. Thrust losses due to
gas leakage wmder the movable flaps of the nozzle were eliminated
by proper sealing devices. With three of the variable-area nozzles
investigated, one of which provided ares-varlation ratio of about
1.86, the Jet thrust was within O to 1% percent of that obtalned

wlth conventional fixed-area nozzles. The other two nozzles
investigeted resulted in thrust losses of about 4 and 8 percent;
the cause of the loss in thrust for these two nozzles is princl-
pally attributed to a nonplanar outlel canfiguration formed by the
nozzle flapse.

INTRODUCTICGY

The application of tail-plpe burning as a thrust-augmentation
method for turbojet engines reguires the use of a varliable-area
exhaust nozzle in order to provide efficaclous engine operation
mder both normal and augmenbed conditions. The amount of thrust
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augmentation obtained by water or water-alcohol injection may also

be considerably increased on many types of turbojet englne by the

uge of a variable-ares exhaust nozzle because of the Independent
control of turbine gas temperature and engine speed that the nozzle
provides. For turbojet englnes not equipped with thrust-augmentation
devices, the proper adjustment of the aree of the exhaust nozzle may
also provide improvements in specific fuel consumption at reduced
thrust outvuts, a considerable degree of thrust regulation at con-
sbant engine speed, and improved starting characteristics.

A varisble-area nozzle of the clamshell type, which consistas
essentially of two movable spherical segments or flaps that rotate
over an inner fixed section, was designed and used on a turbojet
englne at the WACA Cleveland laboratory (now the Lewls laboratory)
in 1943; the results of an investigation of the efficlency of this
nozzle are reported in reference l. Following the satlsfactory
results of this investigation, varisble-area exhaust nozzles of
this type came into general use for many research investigations,
particularly in the field .of thrust augmentation. An investiga-
tion of standard engine performance with a varisble-area exhaust
nozzle at various altitude conditions, including an evaluation of
the efficiency of thq’ nozzle used, is reported in reference 2.

Because many of the nozzles that were used In subsequent Inves-
tigations incorporated different design features or were operated on
different types of engine than the nozzles reported in references 1l
and 2, the performance of these various nozzles was investlgated from
time to time. The results of several of these investigastions, which
were conducted at the NACA Lewis laboratory on full-scale turbojet
engines st ses—level zero-ram conditions, are reported herein. The
performance of five different variable-aree exhaust nozzles are
reported; three different englnes were used, ane of which was alter-
natively equipped wilth & stenderd and an afterburner tail pipe. The
efficiency of each varieble-area nozzle 1ls compared wlth that of
verious fixed-area conicel nozzles over a range of englne operating
conditions. The mechanical reliability of the nozzles and the use
of verious sealing devices between the movable flaps and the fixed
imer section of the nozzle are also discussed. An 1llustration of
the effect of varlable-exhaust-nozzle area on the sgpecific fuel con~
sumption and thrust regulation of a turbojet engine not equlpped
with thrust-augmentation devices is also presented.

APPARATUS

Nozzles. =~ Five varlable-area exhaust nozzles of the clamshell
type were investigated. This type of nozzle (fig. 1) consists of
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two movable flsps shaped like spherlcal segments that robtate over
a fixed Inner sectlon having elther a spherlcal zone oxr a stralght
cylindrical outlet.

The flaps are hinged on pivot shafts on the sldes of the
nozzle and connected to a linksge system in such a mermer than an
actuating force moves both £flaps simmltaneounsly over the lmmer
sectlon of the nozzle. The pivol shafis are so located at +the
cenber of curvature of the movable flaps that the actuating force
is not opposed by gas-pressure forces but only by the frictiom of
the moving parts. As shown In figure 1, the proJected outlet area
formed by the nozzle flaps iIn the closed position is that of an
ellipse; in the open position, the proJected ocutlet sres of the
nozzle may be elther elliptical or circular depending on the amowmt
the nozzle flaps are permitted to open. In additlon to this
elliptical outlet area, the angle formsd between the edges of the
nozzle flaps in the closed position is less than 180° and results
in a nonplansr comflguration of the nozzle outlet. The shape of
both the outlet ellipse and the nonplanar oublet configuration of
the nozzle in the cloged poslition is used to describe the geo-
metrical design features of the verious nozzles investigated. The
shape of the outlet ellipse ig specified by the ratlo of the major
axis to the minor axis, or the ratio a/b (fig. 1),snd the nonplanar
outlet conflguration 1s specified by the ratio of the transverse
projected outlet area to the longitudinal projected outlet area, or
the area ratio A/B (fig. 1). These geometrical features and other
principel dimensions of the five varlable-area nozzles investigated
for both the open snd closed position are summarized in the Follow-
Ing table: :

variaeble- Nozzle position
area , . Open. Closed
nozzle Mo jor | Minor| Egulv-| Major |Minor|Bogulv-|MaJor axig|Ratioc of
axles |axis jalent |axis jaxds [alent |Minor axis|btrans-

(in.)]| (in.){dlam. | (in.}{(in.) |dlem. a/b verse to

(in.) (in.) | (closed) |longitu-
dinal

area

A/B

(closed)
l lslo 1300 15.0 12.6 1005 11.5 1020 0¢08
2 1%.9 ] 18.1| 19.0 17.6 | 15.4 | 1645 l.14 «10
3 21.0 | 21L.0} 21.0 21,0 | 15.5 | 18.0 1.35 ol3
4 25.0 | 19.4 | 22,0 25.0 8.5 | 14.6 2.54 «25
5 24,21 18.9 ] 21l.4 18.8 | 14,0 1162 | 1435 06
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Additional cetelled design features of the varlous variable-~
area nozzles are subsequently described. Straight- sided, fixed-
area conlcel nozzles having cane angles varying from 15° to 30°
were used to obtain comparative engine performence for evaluation
of the variable-area nozzles.

erimental setup. - Three different turbojet engines were
uged: a 1600-pownd- and & 4000-pouwnd-~-thrust cembtrifugal-flow-
compressor engine and a 4000-pound~-thrust axlal-flow-compressor
engine. A different variable-area nozzle (nozzles 1, 2, and 3)
was investigated on each engine wilth standerd teil plres. Variable-
ares nozzles 4 and 5 were investigated on the 4000-pound-thrust
axlel-flow-compressor englne wilth an afterburmer tall pipe.

The investlgations were conducted on varlous zero-ram sea-level
test stands, which differed In smal]l detalls but, in gemeral, were
of the type shown in Tigure 2. The engine wes rigidly mounted on
a frame thalt was suspended from the celling of the test cell by
four rods that swing on ball-bearing pivots. Iateral restralnt was
provided by gulde rollers; longlitudinal restraint was provided by
the thrust-measuring device. All Instrumentation and control lines
wore flexible and & speclal seal (detaill in fig. 2) was installed
vhere the tall pipe passes through the wall of the cell in order to
permlt axial movement of the engine withoubt excessive alr leakage
around the tall pipe.

The engine thrust wes transmitted through a linkags to the
diephragm of an alr-pressure cell. A pilot valve, directly com~
nected to the thrust linkege, controlled the alr pressure in the
diaphragn cell to balance the thrugt force. The thrust was read
from a manometer connected to the dlaphragm cell. The thrust device
wag calibrated by meens of dead weights. The slr supply to the
engine entered the nearly alrtight test cell through alr-measuring
nozzles. The englne fuel (kerosene)} flow wes measured with cali-
brated rotemeters. For all the varlable-ares nozzles investigated,
pressures and temperatures were messured at the engine inlet, the
compressor outlet, and the turbine outlet by canventiomal ingtru-~
mentation. Xor varleble-ares nozzles 3, 4, and 5, addltional
Instrumentation was ingtalled to measure the comdition of the gas
upstream of the exhaust nozzle. For nozzle 3, this instrumentation

wvas as follows:

(1) Bight strut-type thermocouples located 4 Inches in from the
tall-pipe wall and 2 inches upstream of the exhansbt-nozzle;
the exhaust-nozzle Inlet ls consldered as ‘the point vwhere
contractlion begins

080T
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(2) One rake of 1l total-pressure tubes spaced on cembers of

v equel ares aend located 1 foot upstream of the exheust-
nozzle inlet
3 For nozzles 4 and 5, ths exhaust-nozzle-inlet instrumemtation
=} was as follows:

(1) Two rakes of 10 thermocouples each located cn a single
diameter 16 inches upstream of the_exhaust-nozzle inlet;

constant thermocouple spacing of 1% Inches

(2) Two raekes of 10 total-pressure tubes each located and
' installed the same as the thermocouple rakes

TROCEDURE

Runs were made on each engine at zero-ram sea-level condltions
over a range of engine speeds for various fixed-area conlcal nozzles
and for various positions of the variable-srea nozzle. These con-
dltions are listed in the followlng table:

Varieble- Rated Compressor Speed Fixed-area
area nozzle | engine range nozzle diameter
v thrust (percent | used for

(1b) normal. comparison
) rated) - {in.)

1 1600 |Centrifugal flow| 85-100 115'2: - 13

2 4000  |Axial flow 52-100 16 - 172
3 4000 Centrifugal flow 75-100 18 - 21
4,5 84000 |Axial flow 70-100 16-1—' - 18

&yith afterburmer tail pipe.

The performence dsta reported for varlable-area nozzles 4 snd S
were determined under normal engine operating conditions (without
afterburning) because the variable-ares nozzle is in e more nearly
closed position for this type of opsratlion then it is mmder sfter-

- burning conditions end hence is opersating with a more critical area
ratlio. Furthermore, beceuse any loss in engine thrust that occurs
during normel. engine operating conditions is in effect during the
entire flight of an airplane, this loss is of greater importance than
thrust losses that may occur during relatively short periods of
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augmented englne operation. Prior to conducting these performance
runs, the mechanlcal rellablllity of nozzles 4 and 5 was determined
wmder afterburning conditlaons.

In order to account for the variatlion in engine-inlet con-
dltiong between the series of runs with the varlsble-area and flixed-
aree exhaust nozzles, the data were coxrrected to standard sea-level
canditions by the use of the conventional correction factors
defined as:

- cm;_gressor-inlet total 'l:-emaera:bure
WACA gtandard sea-level temperature

compressor-inlet total pressure
~ NACA stendard sea-level pressure

d

The corrected englne performance yarameters are:

FJ/S corrected Jet thrust, (1b)

N/~/6  corrected engine speed, (rpm)

W B
3‘8 corrected air flow, {1b/sec)

'Wf

T corrected specific fuel consumption, (1b/(br)(1b thrust))
b

Wp

Wi corrected fuel flow, (1b/hr)

The performence of the various verlable-srea exheust nozzles
1s evaluated by comparison of englne pexrformence data obtained with
both the varlable-area nozzles and the fixed-area conlcal nozzles
at the same engline operating conditicna. Two different methods are
uged to meke this comparison, the filrst method for all the nozzles
and the second method for nozzles 3, 4, and 5. For the first msthod
of compearison, the corrected Jet thrust and fuel flow are plotted
againat the corrected englne speed to provide one set of curves for
various slzed fixed-area exhaust nozzles and a second sot of curves
for varlous positions of the verlable-area sxhaust nozzle. These
sets of curves are then cross-plotted Lo oblain a final plot of

080T
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corrected Jet thrust against corrected fuel flow at various con-~

v stant corrscted engine speeds for both the fixed- and variable-area

: exhaust nozzles. Because the Jet thrust with both types of exhaust

nozzle are thus compared at the same engine speed, the two nozzles at
the same fuel flow are operating with the seme inlet pressure and
temperature provided that the component efficlencies of the engine
have not changed between the two series of runs. The percentage
difference in thrust provided by the two exhaust nozzles at the
same fuel flow lis therefore equal to the percentage difference In
nozzle veloelty coefficient or the square root of the percentage
difference in nozzle efficlency. For the second method of com-
parison, the thecretical Jet wvelocity defined as

Vg = I\IZQJAE
vhere
V, ‘theoretical jJet velocity, (ft/sec)

g  acceleration due to gravity, (ft/ sec?)
J mechanical equivalent of heat, ((£t){1b)/Btu)
v AH  enthalpy drop across nozzle, (Btu/lb)

1g plotted against the effective Jebt velocity defined as

Fag
Vo = G
8 't
vhere
Ve eoffective Jet velocity, (ft/sec)
Fy Jet thrust, (1)
Ve air flow, (1b/sec)

Wp fuel Plow, (Ib/sec)

The enthalpy drop AH was celculated from the msasured nozzle-
inlet totel temperature snd pressure and the ambient nozzle-outlst
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pressure with the aid of the thermodynemic data given in the tables
of reference 3. The advantage of this type of plot is that 1t pro-
vides a single correlation of data obtained for various englne speeds
and exhaust-nozzle sizes; all the test data may thus be used for
comparison purposes. Again, the percentage difference Iin the effec-
tive Jet velocity for the two types of exhaust nozzle at the same
theoretical Jet veloclty (or enthelpy drop) is equal to the per-
centage difference in nozzle velocity coefficient or the square

root of the percentage difference in nozzle efflclemcy.

RESUITS AND DISCUSSIMN

The performence of the five different varlable-area nozzles,
a8 determined from comparative performence obtained with conven-
tlonal fixed-area coniceael nozzles on three different turbojet
engines, is discussed. Addlitional performance data obtained with
nozzle 2 on the 4000-pound-thrust axial-flow-compressor engline are
also presented to 1llustrate the effect of varying the exhaust-
nozzle area on the engline thrust and specific fuel consumptiom.

Veriable-Area Exheust-Nozzle Performance

Nozzle l. - A photograph of varieble-asrea exhaust nozzle 1
instelled on an engine tail pipe is shown in figure 3 and the
detalls of the constructlion of thls nozzle are presented in fig-
ure 4. Thls nozzle conelsts essentially of a fixed inner section
having the shape of a spherilcal segment and btwo spherically shaped,
movaeble nozzle flaps. Both the fixed lmmer sectlion and the movable
Tleps of this nozzle are so made thalt the surfaces lle In con-
centric spheres, thus allowing relative motion between the flaps
and the inner section wlthout changing the radiasl clearance between
them. A seal, which conslgted of metal strips as shown in detall A
of figure 4, was Incorporated between the flaps and the Iinner
nozzle to prevent leakage of gas. ,

The performance of this variable-area exhaust nozzle, which
was determined wilith the 1600-pound-thrust centrifugel-flow-compressor
engine, 1s summarized In figure 5 in which the corrected Jet thrust
is plotted ageinst the corrected fuel flow for several constant
engine gpeeds. The points obtalned by cross-plotting the variable-
gpeed curves are coded for both the fixed-ares conical nozzles and
the variable-area nozzle at engine speeds of 84.9, 90.9, 97.0, end
100 percent of rated speed. The results show that, within. the
oxperimental error, there is no difference Iin the engine thrust,
end hence in the efficlency, of the fixed and varlable-area exhaust
nozzles.
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The metal sealing strips an the varlable-area nozzle were
apparently effective in preventing ges leakasge. When operating et
high gas temperatures, however, the metal seals would Jam end the
nozzle flaps could not be moved wntil the entire nozzle had been
cooled. A more debailed description of thls nozzle and the experi-
mental investigation of its performsnce 1s reported in referemce 1.

Nozzle 2. - Varlable-area nozzle 2, shown In the photographs
of figure 6 snd the detalled drawing in figure 7,was similar to
nozzle 1 In general design features. Metal sealing strips were
also Insgtelled on thls nozzle but immediate difficulty was experi-
enced with Jammed flaps; consequently, the strlps were bent back
to provide ample clearance (1/16 to 1/4 in.) and therefore did not
gerve as seals during the Investigatione The outlet plane of this
nozzle In the wide-open position was slightly curved as shown in
figure 6(b)e. The proJected area of the nozzle outlet was clrcular
In an intermedliste nozzle position and elliptlcal in both the
closed and open position wilith the major axes of these two ellipses
normal to each other. '

The performance of thls variables-area exhaust nozzle, which
was obtalned wilth the 4000-pound-thrust sxial-flow-compressor
engine, 1s shown in figuwre 8 <in which the corrected Jeot thrust is
plotted agasinst the corrected fuel flow for several consbant engine
speeds. The Jet thrust obtained at high values of 1 flow wlth
the variable-area nozzle {closed positicn) 1s aboub ez percent

lower then the thrust obbained with the fixed-ares nozzles. This
difference in thrust corresponds to a difference in nozzle velocity

coeffliclent of 2-;—' percemt and a difference in nozzle efficlency of
ebout 5 percent.” As the wvariable-area nozzle 1s opened (decreased
fuel flow) the difference in thrust decreases wntil with the nozzle
flaps wlde open the thrusts are equal.

In order to Investigate the effect of gare leakage under the
movable flaps, the nozzle was partly closed and the space between
the movable flaps and the fixed immer sectlon was packed with web
asbestos to eliminate the leakage. The resulls of & series of runs
wilth the flaps packed in this mammer are shown by the data points
In Plgure 8. This elimination of ga.i leakage wmder the movable
flaps reduced the thrust loss from 2= to 1 percent and it may

therefore be concluded that a large %ortion of the original thrust
loss was due to leakage.

This nozzle was used for gbout 50 hours and operated sabis-
factorily during the entire investigation. A relatively wmimportant



Security Classification of This Report Has Been Cancelled

10 : NACA RM No. E9BO2

failure of a hinge pin that occurred was corrected by Increasing
the pin diameter from 1/4 to 3/8 inch.

Nozzle 3. - Variable-area nozzle 3, illustrated In figures 9
end 10, incorporated the straight tail plpe as the fixed lmmer
section, which eliminated the necesslty of a spherical segment on
the end of the tail pipe and provided the maxinum area possible in
the wlde-open position. The seal deslgn was changed to the type
ghown in the detail of figure 10 to avold the Jamming of the flaps
that occurred with the seal used wlth nozzles 1 and 2. Two rings
wore welded to the outer wall of the imner section to form a con-
tinuous channel. A ring of braided Inconel was inserted in this
chanmel and held against the inmner surface of the flaps by both a
spring and ges pressure that was transmltted to the space bemeath
the ring of braided Inconel through holes drilled in the pipe wall.

The performance of varlsble-area nozzle 3, whlch was deter-
mined with the 4000-poumd-thrust centrifugal-conmpressor englne,
is shovn in figure 11 in which the corrected Jet thrust is plotted
against the corrected fuel flow for several engine speeds. The
thrust with the variable-area nozzle at the verious positlions
investigated (various englne fuel flows) and at the three differemt
englne speeds was about 5 percent less then that with the fixed
nozzle, which corresponds to a S5-Percemt loss in velocity coef-
ficlent and a 10-percent loss in nozzle efficiemcy. A run was also
made with the nozzle packed with wet asbegtos to check the effec~
tiveness of the seal. The results, lllustrated by the data points
in figure 11, show that the thrust loss was not regained and that
the seal was appearently effective 1n preventing gas leakage. Con~
trary to the results obtained with nozzle 2, these thrust losses
are not due to gas leakage.

As Indicated in the teble of nozzle characterlstlics previously
presented, the ratioc a/b of the projected outlet area is somewhat
greater for nozzle 3 than for nozzle 2 and nozzle 3 has a somewhab
higher ratio of transverse to longltudinal projected outlet area A/B,
and hence a more nonplanar outlet configuwration,than nozzle 2. The
larger thrust loss of nozzle 3 compared to that of nozzle 2 may
therefore be attributed to elther or both of these design features
although, as will be subsequently illustrated, the effect of the
shape of the outlet ellipse is of secondery importence. The nature
of the velocity, temperature, snd pressure gradients at the nozzle
inlet mey also influence the nozzle efficlency so that results
obtained with one engine are not directly appliceble to those with
another engine of dlfferent deslgn.
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_ The performance of variable-aree nozzle 3 1s also compared

b with the various fixed-area nozzles Iin figure 12 in which the effec-
tive jet velocity is plotted against the theoretical jJet velocitye
This plot correlates all the data obtained for the range of engine
speeds and nozzle-outlet areas investigated. The results, which
are in satisfactory agreement with the results of figure 11, show
that a loss in thrust of about 4 percent occurred for all operating
conditions. The velues of the effective Jet velocity of the various
fixed -area nozzles are sligh'gly higher than the camputed values of
the theoretical jet velocitye This encmaly is abtributed to the
probability that the calculated enthalpy drop AH is not equal to
the actusl enthalpy drop because of the limited emount of instru-
mentation used to measure the average nozzle-inlet temperature and
pressure. Although it is therefore evident that an accurate measure
of ‘the absolute nozzle efficiency was not obtalned, the comparism
of the variable- and fixed-area nozzles is probably accurate because
the seme instrumentation was used for both sets of comparative per-
Tormence data.

1080

Mo mechanical difficultles were encountered with this nozzle.

& Nozzles 4 end 5. - Varlable-area exhaust nozzles & and 5 differ
from those previously investigated in that they are designed for
ingtellation on an engine with an afterbuwrner and consequently had

a larger pipe section and a mmuch larger area change from the closed
posltion to the open position.

Nozzle 4, illustrated in figures 13 and 14, was designed and
fabricated by en engine manufacturer _for a larger engine and was
modified for this investigation by extending the lips of the two
moveble flaps about 2 inches. This nozzle has metal sealing strips
between the flaps and the inner section patterned after that used
with nozzle l. A cooling shroud was built into the inner wall.

Nozzle 5, illustrated in figures 15 and 16, was deslgned to
gvoid an extremely nonplaner oublet configuration and to mainbtaln
the outlet area as nearly circuler as possible for all positions
of the nozzle flaps. These objectives were accomplished by a design
similar to that of nozzle 2 with a clrcular outlet area at an Inter-
mediate nozzle position and an elliptical area in both the fully
open and fully closed position with their major axes normsl to each
other. One of the movable flaps of this nozzle incorporated two
circular side flaps or spherical segmembs centered around the two

~ pivot shafts of the nozzle over which the other flap robated. These
spherical side segments filled the gap that otherwise would have been
present between the two flaps with the nozzle in the open posltion.
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As shown In the detall of flgure 16, the nozzle incorporated a
seal of braided Fncomel simllar to the seal used for nozzle 3.

The performance of these two variable-area nozzles, which
was determined on the 4000-pound~thrust axliel-flow-compressor
engline snd afterburner tall pipe, is shown in figure 17 in which
the corrected Jjet thrust 1s plobted againgt the corrected fuel
flow far englne speeds of 80, 90, end 100 percent of rated speed.
The date were obtalned wlth normal (nomafterburning) operation of
the englne and the nozzle pogition was varied from fully closed to
about three-elghths open for nozzle 4 snd from fully closed to
about ane-quarter open for nozzle 5. TFor &8ll the conditions
investligated, the thrust with nozzle 4 is from 5 to 8 percent lower
than that of the fixed-ares nozzles and the thrust with nozzle 5
1s nearly the same as that with the fixed-area nozzles.

The performence of varlable-area nozzles 4 and 5 are further
compared wlth that of the fixed-area nozzles in figure 18 by a plot
of effective Jet velocity against the theorstical Jet veloclty.
Correlated on this plot are dats for the entire range of englne
speeds and nozzle-outlet areas investigated. For all the condl-
tione investigated, the thrust with nozzle 4 was about 8 percent
less thean wilth the fixed-ares nozzles snd the thrust with nozzle 5

was about l-.-al percent less than with the fixed-area nozzles. These
thrust losses wilth varlable-area nozzles 4 and 5 correspond to losses
in nozzle velocity coefficlent of ebout 8 end l% percent, respec-

tively, end losses in nozzle efficiency of aboult .15 and 3 percent,
respectively. The greater losses of nozzle 4 compared with those
of nozzle Sare believed to be primerily due to the greater ratio
of ‘transverse to longitudinal projected outlet area (nonplanar
outlet) for this nozzle. As previously indicated, this area ratio
A/B for nozzle 4 is 0.25 as campared with a value of 0.06, the
smellest of all the nozzles invegtigated, for nozzle 5. The
extremely narrow ellipse of the outlet area of nozzle 4 and the
presence of the inner cooling shroud may also have contributed to
losses in Jet thrust. The effect of outlet-area shape on the
nozzle efficlency, however, ls apparently of secondery importance
compared with the effect of nonplanar outlet confilguration because
the ellipee of the oublet area of nozzle 5, which had a thrust loss

ot only l% percent, was about the sams as that of nozzle 3, which
had a thrust loss of 4 to 5 percent.

A comparlison of the datae of filgure 18 with the data of fig-
wre 12 indicetes that for the same theoretical Jet wvelocity the

080T
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effective Jet veloclty of the two sets of flxed-area nozzles dif-
rered by 6 to 7 percent. This apparent difference in effective Jet
velocity of the two sets of fixed-area nozzles 1s abiributed to
Inaccuracies In measuring the actual enthalpy drop acrose the nozzle
because of the different arrengement and limited amowmt of instru-
mentation used. As previously discussed, these linaccuracies of
measurement of exhaust-nozzle enthalpy drop do not affect the
accuracy of the comparison of the fixed- and veriable-area exhaush
nozzles because the same Instrumentation was used for each nozzle
Investigation.

During the Investigebtlon of the mschanical reliabllity of these
nozzles under afterburning conditions, nozzle 4 warped severely and
Jexmed after about 10 minutes of operation. The complete nozzle had
to be rebullt to resbore its operation and to obbain the performance
data presented. Nozzle 5 warped slightly out of shape after about
40 minutes of contlnuous afterburner operatlon over & range of tail-
pipe outlet termperatures up to about 3000° R but remained operative
end was satisfactorily used for the performence investigation
reported.

Sunmary of varisble-ares nozzle performance. - The varlous
design features of this type of varisble-area nozzle that may con-
tribute to thrust losses cannot be lsolated and evaluated from the
results of these Investigations because of nonsimilarity among the
verious nozzles in such festures as the ellliptical shape of the
outlet area, the ghape of the transverse projected oublet area A,
the area ratlo of the nozzles, and the presence of sn immer cooling
shroud In e of the nozzles. As previocusly discussed, however,
the principal feature of design that contributes to a loss in thrust
is belleved to be the nonplansr outlet confipuration formed by the
edges of the two movable nozzle flaps and associated spilllage of
the exhaust Jet normal to the engine axlis. The performance of the
five variable-area nozzles are accordingly summarized in figure 19
as a plot of the percentage loss in thrust of the variable-area
nozzles at rated englne conditlons relative to the performance of
the fixed-area conical nozzles against the ratio of transverse to
longitudinal projected outlet area A/B. It should be recognized
that the area ratlo A/IB is only an approximaste index of the spill-
age of flow normal toc the englne axis because the shape of the
area A may also be an Ilmportant factor. Although the data points
scatter somewhat in the region of low values of A/B, & single
curve that illustrates & rapid increase in thrust loss with increas-
ing area ratlio A/B has been drawn through the data. Although the
results represented by thle curve are of a qualitative nature, 1t
is apparent that the area ratio A/B must be kept small In order
to minimize losses in engine thrust.
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Engine Performance with Nozzle AdJjustment

The effect of varying the area of the exhsust nozzle on the
specific fuel consumption and thrust of e turbojet engine is pre-
sented in order to illustrate the gains 1n engine performence
possible by the use of a variable-area exhaust nozzle, The data
were obtained on a 4000-pound-thrust axial-flow-compressor engine
at zero-ram sea-level conditions using variable-area nozzle 2. The
changes 1n engine performance due to varistions in exhaust-nozzle
ares are dependent on both the type of engine and the simulated
flight operating conditions. The results presented are therefore
quantitatively applicable only to the type of engine and exhaust
nozzle used and are primerily presented to illustrate the effects
of nozzle sdjustment in a qualitative manner.

The variation in corrected Jet thrust with engine speed for
various positions of the varisble-ares nozzle from fully closed to
fully open is shown in figure 20, The ratlio of the outlet area of
the nozzle in the wide-open position to that in the closed position
is 1.31. Engine operation with the fully closed nozzle was limited
to & speed of gbout 90 percent of the rated value because of tail-
pipe gas-temperature limitations. At rated engine speed, an increase
in nozzle area from the one-third-open position to the fully open
position,or an area change of sbout 20 percent, decreased the thrust
from 3880 to 2590 pounds. A range of thrust regulation of about
33 percent was therefore cbtalned at constant engine speed by this
adjustment of the exhaust-nozzle area.

The effect of varying the exhaust-nozzle area on the specific
fuel consumption is shown for severasl engine speeds in figure 21 in
which the corrected specific fuel consumption 1s plotted against the
corrected Jet thrust. For these data, the thrust with the varleble-
area nozzle wes lncreased from O percent in the open position to

l% percent in the closed position to adjust for the losses due to

gas leakage under the flaps, as previously discussed. The solid
curves are obtained by varying the area of the exhaust nozzle
(increasing area with decreasing thrust) at various constant engine
speeds and the dashed curve represents englne performance with the
conventlional fixed-area exhaust nozzle and is obtalned by varying
the engine speed. The specific fuel consumption of the engine with
the fixed-erea exhaust nozzle is s minimum at a thrust of about
3500 pounds (ebout 88 percent of rated thrust) and increases con-
tinuously es the thrust (and engine speed) is reduced below this
value. With the variable-area nozzle, however, a family of curves
1s obtained by varying the exhaust-nozzle area at various constant

0801
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engine speeds. The envelope of this family of curves represents

- the optimum conditions of engine speed and nozzle size for minimum
specific fuel consumption. If, for example, a thrust of 2500 pounds
(about 65 percent of rated thrust) is desired, operation at from
95- to 100-percent rated engine speed and increased exhaust-nozzle
area (decreased gas temperature) results in e specific fuel con-
sumption of 1.025 pounds per hour per pound of thrust as compared
to 1.085 with the fixed-ares exhaust nozzle end at reduced engine
speed. A reduction in specific fuel consumption of 6 percent is
therefore possible at this engine-thrust output by the use of the
variable-area exhaust nozzle.

SUMMARY OF RESULTS

From a comparison and study of the results of several investi-
gations of the performance of different types of clamshell variable-
aresa exhaust nozzle, which have been conducted on several full-scale
turbojet engines at zero-ram sea-level conditions, this type of
varisble-area exhaust nozzle was found to have satisfactory mechan-
ical reliability even after operating under afterburning conditions

- Por about 40 minutes. With three of the wvarlable-area exhaust
nozzles investigated, one of which provided an area variastion of

about 1.86 to 1.00, the engine thrust was within O to l% percent of

that obtained with fixed-area nozzles. The other two variable-area
nozzles investigated resulted in thrust losses of from 4 to 8 percent.
The cause of the higher thrust loss of these two nozzles is princi-
pally attributed to a nonplansr outlet configuration formed by the
angle between the edges of the nozzle flaps when the nozzle was in

& closed position. The nozzle having the highest thrust loss also
incorporated an imner cooling shroud and had en extremely narrow
ellipse for the projected outlet area in the closed positlion, both

of which may also have contributed to thrust losses. ILeakage of
exhaust gases under the nozzle flaps, which was found to cause a

1
thrust loss of 15 percent with one of the nozzles, was satisfacto-

rily eliminated in other nozzles by including sealing devices in
the nozzle. During one of the nozzle investigations, a range of
thrust regulation at constant engine speed of 33 percent was
obtained by a 20-percent variation in the exhaust-nozzle area. At
a thrust output of 65 percent of the rated value, a reduction in
specific fuel consumption of 6 percent below that obtained with the
normal fixed-area nozzle was obtained by means of the varisble-area
exhsust nozzle.

Lewis Flight Propulsion Leboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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Figure 3. - Varisble-area nozzle 1 installed on engine tail pipe.
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- {2) End view; pertly olosed position.

Figure 6. = Variable-area nozzle 2,
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(b) Side view; wide-open positiom,
Flgure 6. - Concluded. Veriable-area nozzle 2.
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(a) Closed position.

Figure 9. = Variable-area nozzle 3.
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{b)} Wide-open position.

Figure 9. - Concluded. Variable-srea nozzle 3.
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(a) Closed position.

Figure 13, - Varizble-area nozzle 4,
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{(b) Open position.
Figure 13. - Concluded. Variable-area nozzle 4.
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(a) Nearly closed position.

Figure 15. - Variable-area nozzle 5.
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